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a  b  s  t  r  a  c  t
The  kinetics  of the  disproportionation  of  pine  oleoresin  (a renewable  bioresource)  over  a  carbon-
supported  palladium  catalyst  was  studied.  Kinetic  experiments,  constructed  to eliminate  internal  and
external  mass  transfer  limitations,  were  performed  in  the temperature  range  of  210–250 ◦C. The  sam-
ples,  withdrawn  from  reaction  mixtures  at different  intervals,  were determined  by  GC–MS and  GC. A  new
reaction  scheme  together  with  a  lumped  kinetic  model  was proposed  to describe  the complex  reaction
system.  The  kinetic  parameters  for  each  involved  reaction  were  estimated  using  the  Levenberg–Marquart
method  by MATLAB  software.  The  various  activation  energies  of  rosin  acids  in pine  oleoresin,  for  the
isomerization,  dehydrogenation  and  hydrogenation  reactions,  were  83.05–172.75  kJ mol−1. The  variousarbon-supported palladium catalyst activation  energies  of  monoterpenes  in pine  oleoresin,  for the  dehydrogenation  and  hydrogenation  reac-
tions,  were  103.97–133.82  kJ  mol−1. The  kinetic  model  well  ﬁtted  the  experimental  observations  and
could  be  used  to  predict  the concentration  distribution  of the  products  at 260 ◦C. The  results  showed
that  the  disproportionations  of  rosin  acids and monoterpenes  followed  second  order  and ﬁrst  order  reac-
tions,  respectively.  In addition,  dehydrogenation  was  the  main  reaction  in the disproportionation  of  pine
oleoresin.  Dehydrogenated  acid and  p-cymene  were  main  components  in  the  ﬁnal  products.
e Aut© 2013 Th
. Introduction
With the gradual decrease of the fossil resources, there is an
ver-increasing interest for the use of renewable resources in mak-
ng more valuable products (Piang-Siong et al., 2012). Pine oleoresin
s an important forestry product, traditionally obtained by tapping
he bark of living pine tree and collecting the resultant exudates
Rezzi et al., 2005). Rosin and turpentine are the major products
rom pine oleoresin by steam distillation. Rosin is composed mostly
f rosin acids and some neutral matter. Approximately 90% of the
osin acids are the abietic-type resin acids with conjugated dou-
le bonds and a single carboxylic group. The other 10% are the
losely related pimaric-type resin acids with non-conjugated dou-
le bonds (Enos et al., 1968). Both of them have a typical formula
19H29COOH. The principal components of turpentine are bicyclic
onoterpenes, such as -pinene, -pinene and carene, with a gen-
ral formula C10H16 (Rezzi et al., 2005; Song et al., 1995).
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Rosin can be modiﬁed to “disproportionated rosin” via a cat-
alytic disproportionation reaction since the abietic-type resin acids
contain chemically reactive conjugated double bonds. Because of
its advantages (i.e., low brittleness, high thermal stability, good
oxidation resistance to light color), the disproportionated rosin
(dehydroabietic acid plus a small amount of hydrogenation resin
acids) is widely used in the production of butadiene and chloro-
prene rubber, ABS resin, adhesives, solder ﬂux, printing inks and
paper of neutral-size (Mayer et al., 1996; Soltes and Zinkel, 1989;
Souto et al., 2011). Dehydroabietic acid, a main component of dis-
proportionated rosin, possesses aromatic diterpene structure that
having three benzene rings, three chiral carbon atoms, and a reac-
tive carboxy group. It can be used as a starting material for the
synthesis of many important multifunctional derivatives (Wang
et al., 2010). A number of its derivatives have many biological activi-
ties, such as anti-cancer, analgesic, spasmolytic, anti-inﬂammatory
and insecticidal effects (Häkkinen et al., 2012; Souto et al., 2011).
Therefore, they become the interest additives in the development
of new drugs or ﬁne chemicals, such as antimicrobial, antitumor,
antioxidant, gastroprotective, K+ channel-opening activities and
chiral surfactants (Gu and Wang, 2010; Rajakumar et al., 2009;
Open access under CC BY-NC-ND license. Thevissen et al., 2009; Wang et al., 2010).
Due to the presence of a double bond and a strained four-
membered ring, pinene readily undergoes various transformations.
A reﬁned route to p-cymene can start from the transformation of
NC-ND license. 
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Notation
A bicyclic monoterpenes
B palustric acid
C neoabietic acid
c concentration of compound, mol  L−1
cˆ calculated concentration of component, mol  L−1
D pimaric-type resin acids
d density of product liquid, g cm−3
E hydrogenated monoterpenes
Ea activation energy, kJ mol−1
F monocyclic monoterpenes
Ft tabled values of F-test
G abietic acid
Gd mass of disproportionated product, g
H hydrogenated pimarenoic-type resin acids
I p-cymene
J dehydroabietic acid
K hydrogenated abietic-type resin acids
k rate constant for reaction, min−1, L mol−1 min−1
k0 frequency factor, min−1, L mol−1 min−1
M molecular weight, g mol−1
Q sum of square of residuals, target function value
r reaction rate, mol  min−1 L−1
t time, min
W mass of product liquid, g
Greek letters
2 correlation coefﬁcient of model
ω mass fraction, %
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onoterpenes containing a similar structure (Al-Wadaani et al.,
009; Buhl et al., 1998; Martín-Luengo et al., 2008; Roberge et al.,
001). p-Cymene is an important product and valuable interme-
iate in the chemical industry. It is used in the fragrance industry
nd as an important starting material for the production of inter-
ediates like p-cresol. And it is also a raw material for the synthesis
f non-nitrated musks, which nowadays tends to replace nitrated
nes (Al-Wadaani et al., 2009; Buhl et al., 1998; Martín-Luengo
t al., 2008; Roberge et al., 2001; Zhang et al., 2010).
Generally, the disproportionated rosin and p-cymene can be
roduced from rosin (Song and Liang, 1997; Song et al., 1985)
nd turpentine over different catalysts (Al-Wadaani et al., 2009;
uhl et al., 1998; Martín-Luengo et al., 2008; Roberge et al.,
001), respectively. However, they must be steam-distilled from
rude oleoresin at ﬁrst. Such a long process implies high cost
n energy consumption. Conventional preparation of p-cymene is
lso based on the Friedel–Crafts alkylation of petroleum deriva-
ives: benzene with methyl and isopropyl halides using AlCl3 as
n acid catalyst, or toluene with isopropylic alcohol. Moreover,
sing highly toxic substances such as benzene or toluene and
lCl3 is more restricted by environmental legislation in indus-
rialised countries (Martín-Luengo et al., 2008). Abundant pine
leoresin resources are available in China. And its production is
ore than 500 kt a−1, taking it the ﬁrst place in the world (Song,
004). Since oleoresin is a low cost, low toxicity forest biomass
esource available in China, attentions are paid to the production
f modiﬁed with increased added-value materials. Thus, the con-
ersion of renewable oleoresin to the disproportionated rosin and
-cymene is of high commercial interest. We  found that pine ole-
resin could be transformed to the disproportionated rosin and and Products 49 (2013) 1– 9
p-cymene over a Pd/C catalyst (Chen et al., 2004; Wang et al.,
2007a) (see Scheme 1), and the contents of dehydroabietic acid
(based on disproportionation rosin) and p-cymene (based on dis-
proportionation turpentine) in the disproportionation products
were 60–75% and 40–60%, respectively. More details can be found
in our patent (Chen et al., 2004) and publications (Wang et al.,
2007a,b). Moreover, the viscosity of reaction system was reduced
so that the liquid–solid mass transfer was  improved by the tur-
pentine solvent contained in the oleoresin itself. As a result, the
dehydro-aromatization of the abietic acid was strengthened. Sev-
eral studies concerning the reaction process for the preparation
of the disproportionated rosin from rosin (Loeblich and Lawrence,
1956; Song and Liang, 1997; Song et al., 1985) and the p-cymene
from monoterpenes (Al-Wadaani et al., 2009; Buhl et al., 1998;
Martín-Luengo et al., 2008, 2010; Roberge et al., 2001) have been
published. There are two  kinds of main reactions, i.e., isomerization
and disproportionation, involved in the preparations of dispro-
portionated rosin and p-cymene. However, no speciﬁc reports
have been published about the reaction kinetics for the catalytic
isomerization and disproportionation of oleoresin over a Pd/C cat-
alyst.
The present paper focused on the reaction kinetics. First, the
external and internal diffusion resistances were investigated. Sec-
ond, the kinetic experiments were performed in the temperature
range 210–260 ◦C under the kinetic control regime. Third, the
reaction mixtures, successfully used in the complex kinetics of
petroleum reﬁning processing (Bollas et al., 2007; Hernández-
Barajas et al., 2009; Lin et al., 2001; Meng et al., 2006; Singh et al.,
2005; Zhou et al., 2008), were divided into 7 lumps in light of the
lumping method. Finally, based on the reaction characteristics and
the experimental results, the kinetic model was proposed. And the
various parameters (rate constants and activation energies) were
estimated by the Levenberg–Marquart method with MATLAB pro-
gramming.
2. Experimental
2.1. Material and catalyst
The starting reactant, pine oleoresin of P. massoniana was pur-
chased from Guangxi Wuzhou Pine Chemicals Ltd., China.
The Pd/C catalyst was  prepared from palladium chloride
(Shanghai Xingao Chemical Reagent Co. Ltd., China; palladium con-
tent by weight ≥59%) by the conventional method described in
the publications (Tike and Mahajani, 2006) and (Drelinkiewicz and
Waksmundzka-Góra, 2006).
The speciﬁc surface area (BET), total pore volume and average
pore diameter were measured in duplicate by nitrogen adsorp-
tion at −196 ◦C in a Quantachrome NOVA 1200 instrument. The
mean particle size distribution of the catalyst was measured with
a Malvern Marstersizer. The SEM-Energy-Disperive X-ray Sys-
tem (EDS) analysis on an S-3400 N Scanning Electron Microscopy
gave an idea of the distribution of Pd on carbon particles, using
an acceleration voltage of 25 kV. Basic characteristics of the
Pd/C catalyst were obtained as follows: BET speciﬁc surface area
was 927.4 m2 g−1, the metal loading 4.68 wt%, mean particle size
16 m,  total pore volume 0.56 cm3 g−1, average pore diameter
13.5 A˚.
2.2. Experimental procedure and sample analysisThe reaction runs were performed in a 2 L stainless steel stirred
batch reactor (Dalian Tongchan Autoclave Vessel Manufacturing
Co. Ltd., China) equipped with an internal thermocouple, a pressure
transducer (Matsushita Electric Works Ltd., Japan), a cooling coil
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ith a circulating cold water, and a sampling valve. A double-tier
addle agitator was used as a magnet-driven stirrer. In the proce-
ure, about 700 g of pine oleoresin and 1.4 g of Pd/C catalyst were
eighed and placed into the reactor. Then, the reactor was sealed
nd the air was removed by ﬂushing with nitrogen several times.
nd the vessel was heated to the desired temperature. Samples
uring the experiment at speciﬁed time intervals were taken via
he liquid sampling valve, and sent for gas chromatography anal-
sis. The reaction was carried out at 210 ◦C, 220 ◦C, 230 ◦C, 240 ◦C,
50 ◦C and 260 ◦C, individually.
For a quantitative analysis of the samples involved in the dis-
roportionation reaction scheme, a GC analytical procedure was
erformed on a Varian CP-3380 GC equipped with a DB-5 col-
mn  (L = 30 m,  ID = 0.25 mm and ﬁlm thickness = 0.25 m)  and an
I-detector. Injector and detector temperatures were set at 250 ◦C.
he oven temperature was programmed from 55 ◦C to 80 ◦C at
◦C min−1, at 20 ◦C min−1 to 160 ◦C, then at 2 ◦C min−1 to 250 ◦C.
itrogen was employed as carrier gas and the injected volume was
.2 mm3.
Qualitative analysis of the reaction species in the samples was
arried out using 6890 GC–MS chromatograph equipped with a
ass detector MSD  type 5973. The sample constituents were sepa-
ated with an HP-5MS 30 m × 0.32 mm × 0.25 m column. Helium
99.999% purity) was the carrier gas at a ﬂow rate of 1.0 ml min−1.
he MS  operating parameters were: ionization voltage of 70 eV; ion
ource temperature of 250 ◦C; mass rang of 35–600 amu. Injector
nd detector temperatures were set at 260 and 270 ◦C, respec-
ively. The temperature program of the column was  set as follows:
rom 55 to 75 ◦C with rate of 1 ◦C min−1, then from 75 to 165 ◦C
ith rate of 30 ◦C min−1, and ﬁnally from 165 to 250 ◦C with rate
f 3 ◦C min−1. Compounds were identiﬁed from the program data
ank, National Institute of Standards and Technology Database
NIST), and by comparison of the chromatograms with the liter-
tures (Loeblich and Lawrence, 1956; Song and Liang, 1997; Wang
t al., 2007a,b)..
3. Results and discussion
3.1. The elimination of internal and external mass transfer
limitations
Catalytic disproportionation of pine oleoresin over a Pd/C cat-
alyst is a liquid–solid two-phase reaction. The reaction occurs at
the liquid–catalyst interface. Therefore, the internal and external
mass transfer limitations can inﬂuence the reaction (Devulapelli
and Weng, 2009). In order to determine the kinetic model in a pure
kinetic regime, several preliminary runs were carried out to inves-
tigate the effects of internal and external diffusion. It was found
that the impacts of external and internal mass transfer limitations
on the observed kinetics were negligible.
First, the rotational speed was varied between 150 and 600 rpm
to study the external mass transfer resistance. As shown in Fig. 1,
the conversion increased with increase of rotational speed from
150 to 400 rpm. However, conversion remained almost constant
at rotational speed beyond 400 rpm. Thus, the external diffusion
effect was negligible when rotational speed was above 500 rpm.
The rotational speed was maintained at 500 rpm for all further
experiments.
The absence of intraparticle mass transfer (i.e., internal diffu-
sion) resistance was explored by studying the effect of catalyst
particle size (Aki and Abraham, 1999; Cabrera and Grau, 2006).
Different runs were carried out in the particle ranges <40 m to
140–160 m at 260 ◦C. As observed in Fig. 2, no differences in con-
version rate were found for particle diameters below 60 m.  In this
work, the particle size of Pd/C catalyst was between 10 and 20 m.
Hence, the inﬂuence of internal mass transfer was  negligible.3.2. Disproportionation reaction scheme and kinetic model
The disproportionation of rosin acids and monoterpenes of pine
oleoresin can occur by heat over a Pd/C catalyst (Chen et al.,
4 L. Wang et al. / Industrial Crops
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004; Wang et al., 2007a,b). The disproportionation of oleoresin
nvolves dehydrogenation of rosin acids and bicyclic monoter-
enes, as well as hydrogenation and isomerisation reactions, so
hat the mixture evolves to a ﬁnal composition that is more sta-
le from a thermodynamical view. The disproportionation of rosin
cids in oleoresin has been considered to be an exchange of hydro-
en between acid molecules (Song and Liang, 1997; Song et al.,
985; Souto et al., 2011; Wang et al., 2009). The abietic-type
esin acids (neoabietic acid, palustric acid and levopimaric acid),
ia the isomerisation reactions of double bond rearrangement on
eating to abietic acid, are stable to heat and acid (Soltes and
inkel, 1989). Then, abietic acid with conjugated double bonds
asily loses its hydrogen atoms and rearranges to form dehydroa-
ietic acid with an aromatic ring. At the same time, other abietic
olecules are hydrogenated to become hydragenated abietic-typeesin acids. Meanwhile, pimaric-type acids also accept hydrogen
toms to form hydrogenated pimarenoic acids. There are multiple
somers of hydragenated abietic-type resin acids and hydrogenated
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pimarenoic-type resin acids in the products (Song and Liang, 1997;
Song et al., 1985; Wang et al., 2007b).
The bicyclic monoterpenes of turpentine in pine oleoresin,
such as pinene, camphene and carene, are converted to the prod-
ucts monocyclic monoterpenes. The products, such as limonene
and terpinene, are obtained by ring-opening isomerization over
organic acid proton sources of the rosin acids. Then the monocyclic
monoterpenes are transformed into p-cymene via dehydroaroma-
tization. On the other hand, the lost hydrogen atoms are absorbed
by other monoterpene molecules to form hydrogenation monoter-
penes such as carane, camphane and pinane, which is similar to
the intermolecular hydrogen transfer of rosin acids (Alsalme et al.,
2010; Roberge et al., 2001; Wang et al., 2007a).
Pine oleoresin, a biomass resource, as mentioned above, its
disproportionation involves dehydrogenation, hydrogenation and
isomerisation reactions. And the components of reaction mixtures
are complicated. Therefore it is difﬁcult to describe the mixtures
kinetics because of a great number of kinetic parameters. Just like
the kinetic studies for petroleum processing (Bollas et al., 2007;
Hernández-Barajas et al., 2009; Lin et al., 2001; Meng et al., 2006;
Singh et al., 2005; Zhou et al., 2008), in order to obtain a sim-
ple kinetic model for the disproportionation of oleoresin, similar
components are grouped into a few “cuts” or “lumps”. A new com-
plex reaction scheme (see Fig. 3) together with a lumped kinetic
model was ﬁrst proposed in accordance with the above men-
tioned reaction characteristics and the lumped methodology. In this
scheme, the complex mixtures were divided into 7 lumps, based on
similar structures as follows: bicyclic monoterpenes (represented
by A), palustric acid (represented by B), pimaric-type resin acids
(represented by D), hydrogenated monoterpenes (represented by
E), monocyclic monoterpenes (represented by F), hydrogenated
pimarenoic-type resin acids (represented by H), and hydrogenated
abietic-type resin acids (represented by K); other important com-
pounds such as neoabietic acid (represented by C), abietic acid
(represented by G), p-cymene (represented by I) and dehydroa-
bietic acid (represented by J). In view of the above, the reaction
scheme of the lumped model for the catalytic disproportionation
of pine oleoresin could be proposed, as illustrated in Fig. 3.
In this case, the reaction rate equation could be written as fol-
lows:
R = dc
dt
= k × cni (1)
where R =
[
dcA
dt
dcB
dt
dcC
dt
dcD
dt
dcE
dt
dcF
dt
dcG
dt
dcH
dt
dcI
dt
dcJ
dt
dcK
dt
]T
,
cA, cB, . . .,  cK represents the concentrations of the com-
ponents and t refers to the observation times; cni =[
cn1A c
n2
B c
n2
C c
n2
D c
n1
E c
n1
F c
n2
G c
n2
H c
n1
I c
n2
J c
n2
K
]T
, n1
represents reaction order for monoterpenes of oleoresin and n2 is
reaction order for rosin acids of oleoresin; k denotes reaction rate
constant matrix, expressed by:
k =
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢
−k1 − k2 0 0 0 0 0 0 0 0 0 0
0 −k4 0 0 0 0 0 0 0 0 0
0 0 −k5 0 0 0 0 0 0 0 0
0 0 0 −k8 0 0 0 0 0 0 0
0 0 0 0 k1 0 0 0 0 0 0
0 0 0 0 k2 −k3 0 0 0 0 0
0 k4 k5 0 0 0 −k6 − k7 0 0 0 0
0 0 0 0 0 0 0 k8 0 0 0
⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥
(2)⎢⎢⎣
0 0 0 0 0 0 0 0 k3 0 0
0 0 0 0 0 0 0 0 0 k6 0
0 0 0 0 0 0 0 0 0 0 k7
⎥⎥⎦
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iFig. 3. The reaction scheme for cata
The mass fraction of each composition was obtained by the
uantitative analysis on gas chromatography. And then the mass
raction was converted into mole concentration through the mass
alance equation as follows:
i = 1000(ωi × G × d)/(Mi × W)  (3)
.3. Modeling resultsThe rate constants (k) of the kinetic model were estimated
sing the Levenberg–Marquart nonlinear least-squares method
Marquardt, 1963), using a program written for the optimization
n MATLAB (Constantinides and Mostouﬁ, 1999). The followingisproportionation of pine oleoresin.
objective function (Q) was  minimized between calculated and
experimental results during the parameter estimation:
Q =
∑
(ci(t) − cˆi(t))2 (4)
The reaction order was determined by try-and-error method,
in which n1 and n2 were assumed as 0.5, 1.0, 1.5, 2 and 2.5,
respectively. The estimated parameters were restricted to be
greater than zero in the regression algorithm, as physical sense
existed.
The rate constants along with their limits of conﬁdence inter-
val at different temperatures were estimated based on 65 groups
of data with the results presented in Table 1. Besides, the reac-
tion orders were obtained, i.e., n1 = 1 and n2 = 2. The experimental
results (symbols) of each component compared with the calculated
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Table 1
Parameter estimation results for the model of pine oleoresin disproportionation.
Temperature (◦C) k1 (min−1) k2 (min−1) k3 (min−1) k4 (L mol−1 min−1)
210 0.001777 ± 0.00002561 0.003014 ± 0.0002920 0.1395 ± 0.07835 0.1563 ± 0.02468
220  0.002649 ± 0.0003773 0.005677 ± 0.0004413 0.2028 ± 0.02143 0.2228 ± 0.08363
230  0.005771 ± 0.0006485 0.013022 ± 0.0009730 0.2858 ± 0.07405 0.3735 ± 0.06093
240  0.005870 ± 0.0007950 0.020049 ± 0.0009432 0.7549 ± 0.09668 1.1282 ± 0.1967
250  0.014203 ± 0.001652 0.038628 ± 0.002471 1.277096 ± 0.250962 2.9778 ± 0.5387
Temperature (◦C) k5 (L mol−1 min−1) k6 (L mol−1 min−1) k7 (L mol−1 min−1) k8 (L mol−1 min−1)
210 0.2230 ± 0.08330 0.1608 ± 0.03411 0.1068 ± 0.02104 0.01548 ± 0.002929
220  0.3712 ± 0.09967 0.2626 ± 0.02622 0.1231 ± 0.01468 0.02297 ± 0.004830
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E230  0.6875 ± 0.1283 0.4298 ±
240  2.1241 ± 0.8240 0.7939 ±
250  5.7776 ± 0.9398 1.4616 ±
esults (solid lines) at 210–250 ◦C are showed in Fig. 4. The acti-
ation energy (Ea) and frequency factor (k0) were calculated with
he Arrhenius equation (see Eq. (5)) by linear regress with the rate
onstants in different temperatures. The high values for the lin-
ar correlation coefﬁcient 2 indicated a close match between the
xperimental and modeled data. The parameter calculation results
re summarized in Table 2.
 = k0 exp(−Ea/RT) (5)
.4. Discussion
The modeling result shows that, under the condition that the
iffusion effects have been eliminated, the isomerization and dis-
roportionation of rosin acids appear to be second order reaction
hile that of monoterpenes ﬁrst order reaction. This indicates that
he concentration of rosin acids has a greater effect on the oleoresin
eaction rate than that of monoterpenes.
The parameters in Table 1 reveal that the relationship between
he rate constants for the reactions of rosin acids are k6 > k7.
lthough dehydroabietic acid with its aryl structure and hydro-
enated abietic-type acids with their alicyclic structures are both
table, the rate of abietic acid dehydrogenation (k6) is higher
han that of abietic acid hydrogenation (k7) during the hydrogen
xchange of abietic acid. This is consistent with the fact that dehy-
roabietic acid forms the main component in the products of rosin
cids of disproportionated oleoresin. Likewise, the reaction rate of
ehydrogenation of bicyclic monoterpenes is bigger than that of
ydrogenation, k3 > k1, so that p-cymene is the main component in
he products of monoterpenes of disproportionated oleoresin. Al-
adaani et al. (2009), Buhl et al. (1998), and Roberge et al. (2001)
lso reported that the main products for intermolecular hydrogen
ransfer of pinene and monoterpene mixtures were p-cymene on
d/C catalyst. It means that dehydrogenation is the main reaction in
he intermolecular hydrogen transfer reaction (disproportionation)
f pine oleoresin over a Pd/C catalyst.
In the unsaturated double bond reactions, it had been observed
hat rate of the disproportionation of rosin acids was greater than
hat of monoterpenes. Thus, the formation rates of dehydroabietic
able 2
a and k0 for each reaction of pine oleoresin disproportionation.
Reaction Ea (kJ mol−1) k0 2
A → E 103.97 2.97 × 108 (min−1) 0.945
A  → F 133.82 8.95 × 1011 (min−1) 0.994
F  → I 112.22 1.71 × 1011 (min−1) 0.953
B  → G 159.08 1.77 × 1016 (L mol−1 min−1) 0.965
C  → G 172.75 8.28 × 1017 (L mol−1 min−1) 0.980
G  → J 113.96 3.18 × 1011 (L mol−1 min−1) 0.991
G  → K 83.05 8.68 ×107 (L mol−1 min−1) 0.969
D  → H 141.65 2.67 × 1013 (L mol−1 min−1) 0.981242 0.1721 ± 0.02955 0.04958 ± 0.01290
04 0.3315 ± 0.04696 0.08209 ± 0.01556
23 0.4732 ± 0.09665 0.2398 ± 0.04838
acid and hydrogenated resin acids were greater than that of p-
cymene and hydrogenation monoterpenes. It can be explained that
monoterpenes have isolated unsaturated double bonds, whose
formation energy is higher than that of rosin acids with cyclic
conjugated double bonds (Buhl et al., 1999). And it can also be
explained by the fact that the conjugated species have a higher
adsorptivity on catalyst surface (Cˆerveny´, 1989).
From the data of Ea in Table 2, the activation energies for
the hydrogenation of abietic acid and bicyclic monoterpenes are
relatively less than those of dehydrogenation. It indicates that
the dehydrogenation is more sensitive to reaction temperature
than hydrogenation. The selectivity to dehydroabietic acid and
p-cymene increases among the competing reactions of dehydro-
genation and hydrogenation with higher temperatures.
3.5. Veriﬁcation of the model
The model results were compared with experimental data
obtained in the temperature range 210–250 ◦C. As seen in Fig. 4, the
model calculations for the concentrations of each species agreed
well with experimental values.
The accuracy of the estimated results from the model was sta-
tistically analyzed with the F-test at the 95% signiﬁcance level. It
can be seen from Table 1 that all of the estimated parameters in the
ﬁnal optimisation have a reasonable conﬁdence interval, indicating
that the experiments for parameter estimation are sufﬁcient. The
results of statistic test are shown in Table 3. It is evident that all the
correlation coefﬁcients (2), at various temperatures, are over 0.90,
and all of the calculated F values are greater than those from Ft value
(F0.05(8, 5) = 4.82) multiplied 10, upper quantiles of Fisher’s F dis-
tribution. These results suggest that the kinetic model is signiﬁcant
within the 95% conﬁdence level.
In order to verify the predictive ability of the kinetic model and
the reliability of the kinetic parameters, an experiment of oleo-
resin disproportionation over a Pd/C catalyst was carried out at an
extended operation temperature of 260 ◦C. Fig. 5 presents a com-
parison between the experimental and computed values at that
temperature. It can be observed that the proposed kinetic model
performs well for the concentration of each component in the dis-
proportionation of oleoresin at that temperature to determine the
model parameters.
Table 3
Results of statistical test for the model of pine oleoresin disproportionation.
Temperature (◦C) 2 Fcal
210 0.987 170.07
220  0.996 523.95
230  0.991 252.15
240  0.994 402.93
250  0.992 285.96
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Fig. 5. Comparison between observed and computed values of the concentration of
components at 260 ◦C. Solid lines are calculated value and symbols are experimental
value for bicyclic monoterpenes (), palustric acid (), neoabietic acid (), pimaric-
type resin acids (), hydrogenated monoterpenes (*), monocyclic monoterpenes (+),
abietic acid (×), dehydroabietic acid (−), p-cymene (), hydrogenated abietic-type
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Thevissen, K., Marchand, A., Chaltin, P., Meert, E.M.K., Cammue, B., 2009. Antifungalesin acids (), hydrogenated pimarenoic acid-type resin acids (). Reaction time,
0 min; stirring rate, 500 rpm; catalyst loading, 0.05% (w/w) of pine oleoresin; pine
leoresin 700 g.
. Conclusions
In this paper, the mass transfer effects of the heterogeneous
eaction, the catalytic disproportionation of pine oleoresin over
 Pd/C catalyst, were investigated. The external diffusion effect
as negligible at rotational speed above 500 rpm. And the inter-
al diffusion was deemed to be absent at sizes of particle diameter
elow 60 m.  A new reaction scheme and lumped model of Pd/C
atalysed disproportionation of oleoresin were proposed accord-
ng to lumped method. Kinetic experiments in the absence of
ass-transport limitation were carried out for 210–260 ◦C. The
inetic parameters for each involved reaction were estimated
sing the Levenberg–Marquart method by MATLAB software. The
esults revealed that dehydrogenation was the main reaction dur-
ng intermolecular hydrogen transfer reaction (disproportionation)
f oleoresin. The reaction rate of rosin acids was greater than that
f monoterpenes. The simulation results found that the model pro-
ided a good agreement with the experimental kinetic data and
as able to predict the concentration distribution at 260 ◦C.
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